Many current technological devices consist of layered or sandwich structures, the thickness of whose composite layers is either already in the nanometer (10 Å) range or in the process of shrinking into the nanometer range. These devices include transistors in integrated circuits, solid-state lasers, and magnetic elements for storing information and for reading it out. Such interfaces may exhibit intermixing of the components on either side and/or roughness, as well as altered chemical states or states of magnetic order, and their exact nature can affect ultimate properties such as electrical conductivity or magnetic stability in a profound way. As one example of such nanostructures in magnetism, the phenomenon of giant magnetoresistance (GMR) is based on the change in resistance in a sandwich structure consisting of alternating non-magnetic and magnetic layers upon being exposed to an external magnetic field 1,2 . GMR is today used routinely in the read heads for highest density information storage, where it is usually combined with another interface-driven effect, exchange Some of these questions can be answered at least partially using currently available methods, and we briefly mention a few of these. One powerful method is scanning transmission electron 2 microscopy (STEM) with electron energy loss spectroscopy (EELS) 5 , but this technique requires specialized sample slicing and thinning and thus cannot be considered non-destructive, and in its most sophisticated element-specific form with EELS still cannot provide both element specificity and magnetic sensitivity at the sub-nanometer scale. . Hard x-rays in the 5-10 keV can be reflected from buried interfaces and planar multilayer nanostructures so as to set up standing waves that may permit depth-dependent composition, structure, and, via variable light polarization or magnetization direction, also magnetism near buried interfaces to be derived 6, 7 . But these hard x-ray measurements are limited as to both energy resolution and spectroscopic characterization, and also may due to their shorter wavelengths (∼1-2 Å) exhibit interference structures from atomic lattice planes that can be much smaller than the nanometer scale it is desired to probe. Another method uses total reflection of soft xrays in the 0.5-1.5 keV range from a buried interface by tuning the photon energy to a core-level absorption edge 8 , and this can determine both chemical and magnetic roughness by working with both right and left circularly polarized radiation (RCP and LCP, respectively) and/or flipping the sample magnetization between two orientations 1 and 2 and measuring a magnetic asymmetry in diffuse
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However, this method does not permit detailed spectroscopic studies (e.g. via photoelectron emission) of the buried interface. Finally, soft x-ray spectromicroscopy using secondary electrons as the detecting medium can achieve some sensitivity to buried interfaces, provided that there are sufficient chemical fingerprints in the x-ray absorption signal to deconvolve the interface contributions to images 9 . However, any method using lower-energy electrons to study buried interfaces is inherently limited by the short inelastic attenuation lengths in the 1-5 nm range, which strongly attenuate the signals.
We here focus on a novel approach making use of photoelectrons (or in future applications also fluorescent soft x-rays) excited by strong soft x-ray standing waves that are set up in Bragg reflection from a synthetic multilayer structure of a few nanometers in periodicity. This multilayer is in turn used as the substrate and sample preparation surface in the experiment. Soft x-rays in the 0.5-1.5 keV range have much higher cross sections for exciting outer-shell photoelectrons or fluorescent x-rays than harder x-rays, and these can in turn be analyzed with resolutions in the 1:10 3 or 1:10 4 range via suitable spectrometers. By either varying the angle of incidence around the Bragg angle or varying the thickness of the sample on top of the multilayer, the standing wave and the spectroscopy which it excites can effectively be scanned through the interface, thus providing additional depth sensitivity and a method for non-destructively probing chemical composition, chemical state, structure, and magnetism through a given interface. Some preliminary aspects of this soft x-ray standing wave 3 approach involving both photoelectron emission 10 and x-ray absorption 11 have been discussed recently.
In the present work, we add two key elements: a wedge-shaped (tapered) sample to provide the most unambiguous method of probing the interface, and measurements including magnetic circular dichroism (MCD) and spin-sensitive core-level spectroscopy.
Our basic approach is illustrated in Fig. 1(a) the planes in the multilayer will occur when the x-ray incidence angle θ hν satisfies nλ x ≈ 2dsinθ hν , with n = 1, 2, 3,… the order of the reflection. For the strongest reflection at n = 1, the resulting standing wave has a period equal to d (in our case thus 40.5 Å = 4 nm) and it will extend many nanometers above the surface of the multilayer.
We have chosen to study the Fe/Cr interface as a first demonstration case because of its importance in GMR, since multilayers of these two materials exhibit one of the highest values for magnetoresistance 1 . It is thus a prototype system for this effect, even though it is not used in actual commercial devices, and its properties have been extensively studied [12] [13] [14] [15] [16] [17] [18] [19] . The Fe/Cr interface also is known from prior spectroscopy 12 , 13 , scanning tunneling microscopy 14 , 15 , x-ray diffraction 15 , and theoretical modeling 16, 17, 18 studies to involve a variable degree of intermixing, depending on exactly how it is grown. It has also been shown from MCD studies in x-ray absorption and photoelectron emission that Cr, which is normally antiferromagnetic, becomes ferromagnetically ordered to some degree near the interface, but anti-parallel to the Fe magnetization, and from this and other work that the Cr magnetic moment may be significantly increased, at least near free surfaces as an overlayer 12, 13, 19 . Also, the degree of ferromagnetic order of Fe, or perhaps its local atomic magnetic moment, is thought to be reduced near the interface 19 . However, much prior work has involved very thin films 12, 13, 17, 19 , starting with a single or partial monolayer of Cr and growing upward from there; thus, it is still not clear as to what occurs at a truly buried interface. Our goal here is to directly probe this interface with core-level photoelectron spectroscopy as excited by a standing wave, and to make use of both Fe and Cr core spectra, as well as magnetic circular dichroism in them, to more quantitatively study the interface compositional mixing/roughness, the individual magnetic moments on both Fe and Cr through the interface, and the type and spatial distribution of magnetic order in both constituents through the interface. Fe layer was initially magnetized in-plane along the y direction (cf. Fig. 1(a) ) by subjecting it to an external field of about 500 Oe. The radiation polarization could be varied from linear polarized (LP) to right or left circular polarized (RCP or LCP) via the undulator involved 21 .
As a first measurement procedure, scanning the x-ray incidence angle around the expected firstorder Bragg angle for the bare multilayer or multilayer+wedge, thus tracing out its "rocking curve", and comparing the resulting angular-dependent core-level photoelectron intensities from each constituent (Fe 2p and 3p, Cr 2p and 3p, B 1s, C 1s, and W 4f) with theoretical calculations based on classical x-ray optics 10 , permits determining the Bragg angle with high accuracy. For the particular sample studied here, it is 11.05 ± 0.10°, in excellent agreement with theoretical calculations, and very close to the 10.70° calculated from the simple formula above. The discrepancy of 0.35° is due to refraction and phase shifts in the waves reflected and refracted at each of the interfaces involved, as a result of the small deviations from unity of the complex optical constants (n i ) in each layer 22 . For the 5 measurements discussed here, the photon incidence angle and energy were fixed at 11.05° and 825 eV, respectively, with this energy also being far away from any Fe, Cr, B, C, W, or O absorption edges.
For these conditions, we have also verified via measurements and theoretical simulations not shown here that the Bragg angle and the phase of the standing wave with respect to the top surface of the multilayer are negligibly altered by the presence of the Fe/Cr bilayer, as judged relative to a native multilayer with no overlayer on top of it 23 . Thus, as our primary measurement procedure, simply moving the sample back and forth along the axis of the slope of the wedge (the x axis in Fig. 1(a) ) will scan the focused x-ray beam along the wedge, but with the net effect also of scanning the fixed-phase standing wave through the buried Fe/Cr interface. In this mode, the number of unknown parameters in the analysis of the data is reduced considerably, as compared, for example, to the significant changes in the standing wave if the rocking curve is instead scanned 11 .
As a final characterization step after actual spectroscopic measurements, high-resolution transmission electron microscopy (HRTEM) at a resolution of about 1.6 Å was carried out at the National Center for Electron Microscopy on sections of multilayer with an Fe/Cr bilayer grown on top, with this revealing very smooth interfaces having intermixing and/or roughness over less than 5-8 Å.
The theoretical calculations used in analyzing our photoemission data make use of a speciallywritten computer program 23 , which includes single and multiple x-ray reflections at the top surface and all buried interfaces, parameterized compositional intermixing at the interfaces of linear form, several improvements over prior programs for doing such calculations 24 , and all information relevant to quantitatively calculating the depth-dependent emission of photoelectrons from the structure (e.g., differential photoelectron cross sections 25 , and inelastic electron attenuation lengths 26 ) once the depthdependent exciting electric field strength squared ( ) is determined via x-ray optics.
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As one example of the results obtained, we have analyzed the core-level photoemission intensity ratio I(Cr 3p)/I(Fe 3p) as a function of both x-ray incidence angle θ hν (a rocking curve) and
Cr thickness d Cr so as to derive both the layer thicknesses shown in Fig. 1(a) and an rms interdiffusion length above the wedge sample of σ Fe/Cr = 3.4 Å. We have assumed here a linear variation of composition of both species. Measured values for this photoelectron intensity ratio are shown in Fig.   1 (b), and they are in excellent agreement with theory, finally permitting us to determine both the Fe and Cr layer thicknesses (cf. Fig. 1(a) ) and the intermixing distances with accuracies of about ±2.0 Å.
Further analyzing other core intensities yields a σ Cr/C+O+B4C of 3.8 Å between Cr and a surface-reacted C+O+B 4 C layer of about 10 Å thickness on top of the multilayer, and σ C+O+B4C/B4C of 3.1 Å between this reacted layer and the first B 4 C layer in the multilayer. The first B 4 C layer thus expands by about 6 50% on air exposure, a result that we have independently confirmed by STEM images (not shown here) 23 . Very accurate layer thickness and interface mixing measurements are thus possible with the standing-wave photoemission technique, and the thicknesses and degrees of interface mixing are shown in Fig. 1(c) . The final calculated standing wave strengths 2 ( ) E z in this particular multilayer+bilayer are also shown in Fig. 1(c) , and they exhibit a very strong modulation from the maximum to only about 1/3 of this value for our experimental incidence angle, with this modulation decreasing somewhat as the Cr layer becomes thicker, but the standing wave phase remaining constant.
This modulation thus permits selectively probing the interface by scanning the x-ray spot over the wedge-shaped bilayer. As noted above, the standing wave is also primarily a property of the We now turn to other spectroscopic measurements via the scanning of the standing wave through the interface, and in Fig. 2(a) , we first show MCD data based on spin-orbit-split Fe Because the MCD measurement has an external spin reference, via the polarization in the incoming xray beam, which is very close to parallel (anti-parallel) with the Fe layer magnetization direction for RCP(LCP) radiation, we can thus conclude that Cr shows weak ferromagnetism along the y-direction near the interface, but that the orientation of its magnetization is opposite to that of Fe, a result consistent with prior studies 12, 13 . From these measurements alone, we do not derive any information on other components of the magnetization in the two directions x and z perpendicular to the primary Fe 7 magnetization direction, but with modification of the experimental geometry, scanning in both x and y, and the addition of magnetic linear dichroism (MLD) measurements 23, 28 , it should be possible in future experiments to determine the x, and perhaps also the z magnetization.
Further confirmation of these MCD results is also found in analogous MCD data for Fe 3p and Cr 3p emission (not shown here) 23 . From both the 2p and 3p MCD data, it can also be clearly seen that the Fe MCD strength in Position B is considerably larger than that in Position C, while the Cr MCD shows reverse behavior. This indicates that any long-range (or even short-range) ferromagnetic order shows a strong dependence on depth near the interface, and that the alterations in the y-component magnetizations of Fe and Cr have very different z dependence.
We now ask via another spectroscopic fingerprint whether these increases (for Cr) or decreases (for Fe) in the MCD signal in crossing from the Fe to the Cr side of the interface can be associated with a reduction in the local atomic spin moment, which is the dominant contributor to the overall magnetic moment on each atom. In Fig. 2(b) , we show a set of Fe 3s and Cr 3s photoelectron spectra obtained with RCP excitation for the key sample x positions B and C in Fig. 1 
(c). Such 3s spectra
should not show MCD, as spin-orbit splitting is not present, but are known to provide a qualitative measure of the local atomic spin moment, with the doublet spacing being proportional to this moment and caused by the 3s core-valence exchange interaction 29 . It can be seen that the splitting (∼4.5 eV for Fe and ∼3.5 eV for Cr) and overall shape of these two spectra are essentially identical, irrespective of position. Other spectra at much finer steps in position confirm this lack of sensitivity to position 23 .
The fact that the curves at different positions do not show any systematic differences from one position to another thus immediately indicates that the local spin moments of both Fe and Cr are essentially unchanged on passing into the interface. In particular, the Fe spin moment does not decrease due to its intermixing with Cr, nor does the Cr moment increase due to its proximity to ferromagnetic Fe, although both of these effects have been suggested previously based on thin-film deposition experiments 12, 13, 19 . Finally, we note that this kind of core measurement has an implicit internal spin reference 30 , and so provides no information on the exact orientation of these moments in the laboratory reference frame, but simply indicates that the magnitude of the spin moment does not change through the interface. Adding an external spin detector to the measurement in future studies would yield information on the moment orientation.
Turning back to the externally-referenced MCD data, we show in Fig. 2 the top panel of Fig. 2(d) ). Thus, the magnetization of Fe is assumed to have some saturated value well away from the interface and to reduce to zero at least by the point at which its concentration goes to zero, and the Cr is assumed to have zero magnetization except for a gaussian region somewhere near the interface. The previously measured compositional variation (cf. discussion of Fig. 1(b) ) at the interface is thus also included in the calculations. The composition of each constituent and the precise form of the standing wave as calculated via x-ray optics are used as combined weighting factors at each depth for calculating the dichroism signal. We have tried to fit our MCD data with a variety of magnetization configurations for both Fe and Cr, especially around the interface at the middle of which the composition of Fe the 50:50 intermixing region is essentially zero. This is at least consistent with recent results from element-specific MCD in x-ray absorption for a series of Fe-Cr alloys 32 , which indicate that neither Fe nor Cr shows any net magnetization in an Fe 0.50 Cr 0.50 alloy. The final most self-consistent and reasonable analysis of both the ratio curves for Fe 3p and Cr 3p (cf. Fig. 1(c) ) and the MCD data of In order to more quantitatively see how sensitive these fits are to these parameters, a few different choices are also illustrated in Fig. 2(c show not only composition and magnetization, but also the calculated field strengths and depthresolved contributions to intensity and MCD for the two key positions B and C. Our results are in agreement with prior work in that MCD effects are reduced in Fe-Cr alloys 32 and that the Cr layers nearest to Fe show some ferromagnetic alignment, but in an antiferromagnetic sense with respect to Fe 12 , 13 . However, we can also rule out certain other models and conclusions such as a significant change of the local magnetic moments on either Fe or Cr on passing through the interface. Instead spin-flops or frustrated exchange interactions leading to out-of-plane orientations might explain our results because the MCD measurements pick up the majority of magnetic moments aligned with photon helicity orientation only. It is also remarkable from our analysis that the regions over which Fe or Cr show altered magnetic behavior along the x-direction are only about 2 atomic layers in thickness.
Although the picture of this interface that emerges is simple in some respects and complex in others, 10 we believe that future modeling of it must take account these effects. The standing wave+wedge approach has permitted us to delve into its characteristics in a much more quantitative way.
We have thus demonstrated that the use of synthetic multilayers as generators of strong soft xray standing waves and as substrates on which various types of nanostructures can be grown represents a promising method for studying buried interfaces. We have used photoelectrons as the emitted particles, with total intensities, magnetic circular dichroism and exchange-split core binding energies providing depth-resolved information with a resolution in the few Å range for composition, net magnetization, and local spin moment at the Fe-Cr interface, respectively. In the future, other as in our experiments) should also permit achieving better epitaxy and/or structural control in the final structure to be studied. The structure to be studied also does not have to be layered, but might consist of nanoscale "wires" or "dots", in which case the top, side, and bottom interfaces of these features could be selectively studied. Combining a multilayer+wedge sample geometry with a spectromicroscope 9 should also lead to enhanced depth resolution with this type of experiment. One limitation of the method is that higher-temperature preparation or annealing of the multilayer-plussample will be limited, as going to a sufficiently high temperature will lead to interdiffusion in the multilayer, with resulting loss of reflection efficiency and standing wave strength. Nonetheless, various possible future applications of this approach to the study of buried interfaces in nanostructures seem possible.
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